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Abstract.   The incidence of drought is expected to increase worldwide as a factor structuring forest-
ed landscapes. Ecophysiological mechanisms are being added to Forest Landscape Models (FLMs) to 
increase their robustness to the novel environmental conditions of the future (including drought), but 
their behavior has not been evaluated for mixed temperate forests. We evaluated such an approach by 
assessing the ability of physiological mechanisms to predict susceptibility to tree mortality as a function 
of drought in the upper Midwest (USA) through controlled site- level drought simulation experiments 
using the PnET- Succession extension of the LANDIS- II FLM. We also conducted a landscape- level exper-
iment to study landscape response to drought treatments in the presence of the spatial processes of seed 
dispersal and stand- replacing disturbance. At the site level we found that net photosynthesis and carbon 
reserves showed a clear negative response to both the length of drought and the alternating pulses of 
normal precipitation and drought events, with soils holding more water moderating this response. The 
effect of the drought treatments varied somewhat depending on the assemblage of competitors and their 
specific life- history traits such as ability to compete for light, maximum photosynthetic capacity and 
water use efficiency. A large diversity of assemblages were simulated at the landscape level, and species 
abundance generally sorted by photosynthetic capacity (foliar nitrogen) and life form (deciduous vs. 
evergreen), with faster growing species and deciduous species suffering less decline because of drought. 
Soil type also had an impact on total productivity (biomass), with soils having higher available water 
being more productive through time. We conclude that (1) the mechanistic, first principles approach is 
advantageous for global change research because the combination of life- history traits of competitors 
interact to cause a site- specific dynamic response to fundamental drivers (e.g., precipitation, tempera-
ture), and these site- level responses interact spatially to create landscape responses that are complex and 
difficult to project with less mechanistic approaches, and (2) published findings that increasing drought 
length (rather than severity) increases tree mortality in the upper Midwest are clearly consistent with a 
mechanism of acute photosynthetic depression resulting in increased likelihood of carbon starvation as 
droughts lengthen.
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IntroductIon

Climate change is expected to increase the fre-
quency and intensity of drought events in much 
of the world (IPCC 2013). This will impact forest 
dynamics and composition through direct (al-
tered growth, competition, and mortality) and 
indirect (altered disturbance regimes) effects. 
Forest managers must account for both direct 
and indirect effects of climate change on forest 
landscape dynamics, including the potentially 
large impact of increasing drought conditions. 
However, forested ecosystems are structured by 
a number of complex and interacting processes 
(e.g., seed dispersal, establishment, growth, com-
petition, disturbance), most of which have the 
potential to be modified by a changing climate, 
making predictions intimidating and fraught 
with uncertainty (Dale et al. 2001).

For managers of large land areas, forest land-
scape models (FLMs) have proved useful for 
projecting future forest dynamics because they 
account for most of the factors that structure 
forested ecosystems at landscape spatial and 
temporal scales (He 2008). FLMs simulate these 
dynamics at a spatial scale intermediate between 
stand models (e.g., Forest- GCB, Running and 
Gower 1991, PnET- CN, Aber et al. 1997) that sim-
ulate growth and materials fluxes within a for-
est stand and dynamic global vegetation models 
(DGVM, e.g., SEIB–DGVM; Sato et al. 2007) that 
simulate competition among vegetation types 
(e.g., biomes) at regional to global scales (Med-
lyn et al. 2011). Unlike stand and DGVM models, 
FLMs are spatially explicit, simulate competition 
and succession at the species level, and simulate 
dispersal and disturbance as distinct processes 
such that their interactions play out as an emer-
gent property of the climate inputs. However, 
because of these added processes, they generally 
simplify the simulation of growth and competi-
tion compared to stand and DGVM models and 
are constructed using a mixture of mechanistic 
and phenomenological components. Mechanis-
tic components explicitly model cause and ef-
fect mechanisms that result in growth, mortality, 
and succession on forested sites (De Bruijn et al. 
2011), incurring greater computational costs 
and parameterization burden and uncertainty. 
Phenomenological (sometimes called empirical 
or statistical) components model system out-

comes using surrogate computational functions 
that mimic the effects of the mechanism, often 
based on how the system has behaved in the past 
(Schelhaas et al. 2004), resulting in uncertainty 
when extrapolating the phenomenological rela-
tionships beyond the domain in which they were 
developed to the novel conditions of the future 
(Keane et al. 2015). Both approaches result in 
considerable uncertainty, but the extrapolation 
uncertainty of the phenomenological approach 
has increasingly been deemed to exceed the pa-
rameter uncertainty of the mechanistic approach 
(Cuddington et al. 2013, Gustafson 2013).

Most FLMs do not incorporate drought effects 
on tree growth except as an environmental filter 
affecting establishment, with a few exceptions. 
The tree- based FLM iLand (Seidl et al. 2012) in-
cludes ecophysiology processes that conceptu-
ally include drought as a stressor, but such be-
havior has not yet been explored. In FireBGCv2 
(Keane et al. 2011), photosynthetic growth reduc-
tions caused by soil water stress can optionally 
be modeled. Gustafson and Sturtevant (2013) 
developed a phenomenological drought distur-
bance extension for LANDIS- II, but it may lack 
necessary robustness under future conditions. 
Often drought weakens trees and makes them 
more vulnerable to other disturbances, which are 
included in FLMs. However, because the links 
between drought, physiological stress and dis-
turbance are rudimentary in FLMs, the ability 
of most FLMs to reliably project the cumulative 
effects of increased incidence of drought is weak. 
Furthermore, drought effects are likely to prop-
agate through many of the process interactions 
that ultimately determine successional outcomes 
in forested ecosystems, and such ability is cur-
rently beyond the capability of most FLMs. For 
example, drought increases water stress and re-
duces photosynthesis, which can be exacerbated 
by elevated temperatures that increase evapo-
transpiration (Williams et al. 2013), although 
elevated CO2 can mitigate growth reductions 
when water stress reduces stomatal conduc-
tance (Franks et al. 2013). Cloudiness may also 
decrease with drought, which increases photo-
synthetically active radiation (PAR) and there-
fore photosynthetic activity and transpiration. 
However, species vary in their ability to compete 
for water, tolerate water stress, and their optimal 
temperature for photosynthesis, which should 
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result in altered successional outcomes under the 
conditions of the future. Species also vary in the 
disturbances to which they become susceptible 
when they are physiologically stressed, and dis-
turbance regimes themselves may be significant-
ly altered as climate changes (e.g., temperature- 
dependent insect pests, fire). Furthermore, the 
robustness of drought- related impacts on distur-
bance regimes is highly variable within FLMs, in 
some cases further weakening the links between 
drought and landscape forest dynamics.

Gustafson and Sturtevant’s (2013) phenom-
enological approach to model tree mortality 
caused by drought within the LANDIS- II FLM 
used empirical relationships found between the 
length of drought events (defined as consecutive 
years with mean Palmer Drought Severity In-
dex < −0.5) and species biomass lost to mortali-
ty on long- term Forest Service Forest Inventory 
and Analysis (FIA) plots during the period of re-
cord (1977–2009) in the upper Midwest. To mod-
el these empirical findings, drought events are 
drawn from a statistical distribution of drought 
length supplied by the user and biomass is re-
moved from tree species cohorts (oldest first) 
according to such empirical relationships. Al-
though the approach shows promise, it is not 
without difficulties. Estimating the empirical re-
lationships requires inventory data over a long 
time period that encompasses both droughts and 
wet periods, and the drought signal in those data 
is noisy because it includes all mortality, some of 
which may not be drought- induced. Therefore, 
many observations are required. Furthermore, 
the generality of those relationships has yet to be 
demonstrated. Gustafson (2014) attempted to ap-
ply the relationships estimated by Gustafson and 
Sturtevant (2013) to a similar ecological Province 
in the northeastern United States with limited 
success. The approach also does not account 
for the differential effects of drought on species 
growth and competition, and although the simu-
lated mortality may account for mortality caused 
by disturbance (e.g., insects), there are no explicit 
links between drought stress and specific distur-
bances.

A more mechanistic approach to simulate 
forest growth and succession in an FLM was 
recently developed by De Bruijn et al. (2014) 
by embedding algorithms of the PnET- II stand- 
level ecophysiology model (Aber et al. 1995) 

in a LANDIS- II succession extension (PnET- 
Succession) to mechanistically simulate biomass 
growth as a competition for light and water to 
support photosynthesis. Generally, LANDIS- II 
succession extensions simulate growth and com-
petition among tree species cohorts using life- 
history attributes such as maximum aboveground 
net primary productivity, shade tolerance, lon-
gevity, and seed vagility. The PnET- Succession 
extension also includes physiological attributes 
such as light saturation intensity, water use ef-
ficiency and drought tolerance that allow the re-
alized niche of species to emerge through time 
(sensu Huston and Smith 1987). PnET- Succession 
models soil water monthly as a function of soil 
texture, precipitation, interception, evaporation, 
and consumption by trees (similar to DGVMs), 
allowing response to extreme drought events 
rather than being limited to the mean weather 
values (typically decadal) used by less mecha-
nistic approaches. Accordingly, photosynthetic 
rates (and therefore growth rates) vary monthly 
by species and cohorts as a function of precip-
itation and temperature (among other factors), 
which directly affect competition and ultimately 
successional outcomes.

The opportunities afforded by this approach 
for simulating drought effects on forests are sig-
nificant. First, because there are several param-
eters related to drought tolerance (including 
cohort establishment), the differential effects of 
drought on the ability of species to compete can 
result in altered successional outcomes through 
time. These outcomes are an emergent property 
of the mechanistic simulation of growth that ac-
counts for the interaction of precipitation, tem-
perature, light (including seasonal cloudiness), 
CO2 concentration, and species’ physiological at-
tributes, rather than phenomenological estimates 
of their combined effects based on behavior seen 
in the past. Second, because the extension tracks 
carbon reserves, drought- induced growth re-
ductions can cause carbon reserves to become 
depleted by respiration, which can result in di-
rect mortality (McDowell et al. 2013), or the level 
of carbon reserves can be used by disturbance 
extensions to realistically target disturbance- 
induced mortality to stressed cohorts (complete 
or partial mortality of cohorts). Physiological 
stress may be dependent on either the intensity 
or duration of water limitations (or both) depend-
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ing on the ability of a species to extract water 
from the soil and maintenance respiration rates, 
including interactions with all the other factors 
that affect growth (e.g., light, temperature, CO2). 
For studies of the effects of climate change on 
forest successional dynamics, a weather stream 
of temperature, precipitation and radiation from 
downscaled global circulation models can allow 
growth and establishment rates to vary monthly, 
rather than using longer term averages that make 
it difficult to simulate extreme events. Drought- 
induced mortality is simulated when moisture 
stress depresses growth rates below respiration 
levels long enough to reduce carbon reserves be-
low survival thresholds, or when a disturbance 
targets stressed cohorts.

The more mechanistic approach to modeling 
drought effects at landscape scales is conceptual-
ly appealing because of its reliance on first prin-
ciples and ecological theory, but it is difficult to 
test, primarily because appropriate data sets are 
rare and because drought can rarely be defini-
tively identified as the ultimate cause of mortal-
ity. Gustafson et al. (2015) used PnET- Succession 
to predict the outcome of a precipitation manip-
ulation experiment in a piñon- juniper ecosystem 
in New Mexico (USA), with considerable success. 
Importantly, they discovered that the amount of 
nonstructural carbon reserves (NSC) predicted 
by PnET- Succession was negatively related to 
the incidence of mortality on experimental plots. 
Although this model test was promising, the 
authors indicated that tests using other species 
are needed. The tree species in the upper Mid-
west (USA) studied by Gustafson and Sturtevant 
(2013) provide an opportunity to study whether 
the physiological behavior simulated by PnET- 
Succession is consistent with their empirical re-
lationships between drought and plot- level tree 
mortality.

The objectives for this study were to (1) ex-
plore how physiological mechanisms explain the 
empirical results of Gustafson and Sturtevant 
(2013) by using PnET- Succession to conduct con-
trolled site- level simulation experiments that 
vary the driving variable (length of drought) 
found in that study, (2) confirm the applicabili-
ty of PnET- Succession for simulating drought 
effects in mixed temperate forests, (3) determine 
how species competition, landscape pattern (i.e., 
soils), and spatial processes (i.e., seed disper-

sal and stand- replacing disturbance) interact to 
determine forest composition dynamics under 
drought conditions by conducting a landscape- 
level drought simulation experiment, and (4) 
assess the potential advantages and disadvan-
tages of the mechanistic approach for simulating 
drought effects in FLMs.

MaterIals and Methods

Simulation model
LANDIS- II (Scheller et al. 2007) simulates 

broad- scale (>105 ha) forested landscape dynam-
ics over long (i.e., centuries) temporal scales, 
including succession, multiple natural distur-
bance types, seed dispersal, forest management, 
and climate change effects. Landscapes are 
represented as a grid of interacting cells with 
user- defined cell size. Individual cells are as-
sumed to have homogeneous canopy layering, 
and are spatially aggregated into land types 
with homogeneous climate and soils. Forest 
composition at the cell level is represented as 
age cohorts of individual tree species that in-
teract via a suite of vital attributes (e.g., growth 
capacity, shade tolerance, drought tolerance, 
seed dispersal, longevity) to produce nonde-
terministic successional pathways sensitive to 
disturbance type and severity (Mladenoff 2004).

PnET- Succession (De Bruijn et al. 2014) is one 
of several available LANDIS- II succession ex-
tensions, and it projects tree cohort growth by 
mechanistically simulating photosynthetic out-
put. In PnET- Succession, soil water is tracked at 
the grid- cell level using a bulk- hydrology model 
based on precipitation, loss to foliage intercep-
tion, evaporation, runoff and percolation out of 
the rooting zone, and consumption by species 
cohorts. Tree cohorts compete for water and light 
in each cell. Cohort biomass (an indicator of rel-
ative tree size) determines the priority of access 
to light, while access to soil moisture is evenly 
distributed among cohorts. When water is ade-
quate, the rate of photosynthesis for a given spe-
cies cohort increases with light available to the 
cohort (dependent on canopy position and leaf 
area), atmospheric CO2 concentration and fo-
liar N, and decreases with age and departure 
from optimal temperature. As soil water avail-
ability decreases, photosynthesis also decreas-
es. PnET- Succession accounts for reductions in 
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 photosynthesis due to foliar and maintenance 
respiration using a Q10 relationship, where a 
10 °C increase in temperature results in a 10- fold 
increase in respiration rate (Atkins 1978), such 
that foliar respiration rate depends on tempera-
ture and moisture, while maintenance respira-
tion depends on temperature and biomass. Thus, 
growth rates vary monthly by species and co-
horts as a function of precipitation, temperature 
and species traits, which directly affects com-
petition and ultimately successional outcomes. 
Capitalizing on this approach, drought- induced 
growth reductions result from water stress, and 
mortality can result if carbon reserves become 
depleted by respiration. Such mortality may be 
dependent on both the intensity and duration of 
water limitations, depending on the ability of a 
species to extract water from the soil and tissue 
maintenance costs. A weather stream of monthly 
temperature, precipitation and radiation allows 
growth and establishment rates to vary dynami-
cally, and drought- induced mortality is simulat-
ed when moisture stress depresses growth rates 
below respiration levels long enough to reduce 
carbon reserves below survival thresholds.

In our study, we used PnET- Succession v1.2. 
The major change from v1.0 (De Bruijn et al. 2014) 
is a modification of the algorithms to simulate 
soil water (Gustafson and De Bruijn 2015). Rather 
than a simple bucket hydrology approach, v1.2 
calculates plant available water (PAW) based on 
soil texture and precipitation inputs and losses. 
Moisture stress is related to soil water potential, 
which varies predictably depending on soil wa-
ter content and the soil type (Feddes et al. 1978). 
Saxton and Rawls (2006) provide equations to 
estimate water retention curves for soils based 
on soil texture characteristics commonly avail-

able from soil surveys (% sand, % silt, % clay, % 
organic matter, % gravel, salinity), and we used 
their average soil attributes for each soil type. 
The input loss parameters and PAW characteris-
tics for our soil types are given in Appendix S1 
and Table 1. Water stress in PnET- Succession for 
a species cohort is calculated from soil water po-
tential using four species- specific water potential 
thresholds (H1- H4, Feddes et al. 1978). H1 and 
H2 control the effects of waterlogging on photo-
synthesis and default values (0.0) were used for 
this study, which means that photosynthesis re-
ductions due to excess of water did not occur. H3 
specifies the soil water potential at which reduc-
tions in photosynthesis begin to occur and H4 
specifies the potential at which photosynthesis 
ceases (Table 2), which has the effect of determin-
ing how much of the soil water is actually avail-
able to the species.

Model calibration
Although the PnET- Succession extension of 

LANDIS- II primarily uses parameters that can 
be estimated from the literature, modest cali-
bration of some parameters is required. Prior 
to simulations the growth rate of each species 

Table 1. Water availability characteristics of the soil types used in the experiments.

Soil type Abbreviation
Rooting depth 

(m)
Field capacity 

(mm)†
Wilting point 

(mm)‡
PAW  

(mm)§

Sand SAND 1.0 100.5 40.2 60.3
Sandy loam SALO 1.0 188.6 81.4 107.2
Loam LOAM 1.0 285.9 135.6 150.3
Silt loam SILO 1.0 341.1 129.3 211.8

† At −0.033 MPa soil water potential.
‡ At −1.5 MPa soil water potential. Actual wilting point for each species varies depending on parameterization of H4 (see 

Table 2).
§ PAW = Plant Available Water (Soil field capacity minus wilting point). Actual PAW for each species varies depending on 

the species drought tolerance and their H3/H4 parameterizations (Table 2).

Table 2. PnET- Succession drought tolerance water 
potential parameters used for the experimental lev-
els of the drought tolerance factor, arbitrarily as-
signed based on Fig. 5 in Limousin et al. (2013).

Tolerance class H3 (MPa) H4 (MPa)

Drought- intolerant −0.98 −1.47
Somewhat drought- intolerant −1.12 −2.30
Somewhat drought- tolerant −1.28 −3.72
Drought- tolerant −1.47 −5.88
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was calibrated by simulating a monoculture of 
each species for 140 yr on the soil type where 
it is typically found, using the average climate. 
First, established parameter values (e.g., foliar 
nitrogen (FolN), maximum specific leaf weight 
(SLWmax), half- saturation light level (HalfSat)) 
were set in the center of the range of published 
values (Appendices S1 and S2). Because potential 
photosynthetic capacity (Amax) is proportional 
to FolN in PnET- Succession, FolN was adjusted 
within empirical limits to reflect relative growth 
rate observed among species as documented 
in a silviculture manual (Burns and Honkala 
1990). Maintenance respiration rate has a pro-
found effect on drought mortality, and was 
held constant among species to avoid confound-
ing the drought tolerance treatment. PnET- 
Succession assumes that the amount of foliage 
biomass of a cohort is determined by the amount 
of xylem tissue available to transport water, 
which is assumed to be proportional to woody 
biomass. The FracFol variable (Appendix S2) 
specifies this proportion and FracActWd controls 
an exponential decline function that reflects the 
loss of active xylem tissue to heartwood as 
cohorts increase in size. The amount of foliage 
determines carbon fixation and biomass pro-
duction given photosynthetic capacity, so 
FracFol was calibrated to control how quickly 
biomass reaches an arbitrary milestone (5 kg/
m2), with the empirically fastest growing species 
reaching the milestone in 27 yr and the slowest 
in 31. The maximum biomass attained was 
controlled using the water use efficiency con-
stant (WUEc). Leaf area index was controlled 
using SLWmax and FracActWd, and was cal-
ibrated to fall within the range of empirical 
values for each species as found throughout 
the literature. Simulated growth was calibrated 
to match growth (aboveground biomass) found 
in growth and yield tables (e.g., Burns and 
Honkala (1990) and other published sources 
(listed in Supplement S1). When biomass was 
estimated from volume data, dry wood specific 
gravity from Miles and Smith (2009) was used. 
Species for which no growth tables were found 
(balsam poplar, bitternut hickory, pin oak, bur 
oak, red maple, black cherry, yellow birch, 
beech) were calibrated to mimic the growth of 
species with similar life- history and growth 
traits. Belowground fraction was estimated by 

comparing aboveground biomass estimates to 
total above and below ground biomass estimates 
of Smith et al. (2006). In general, we held as 
many parameters constant as possible to increase 
confidence that the behavior of the response 
variables was caused by the experimental treat-
ments. If more parameters varied among species 
then there would be greater uncertainty about 
which parameters were driving the results. Plots 
of calibrated biomass growth curves overlaid 
on empirical measurements are available in 
Supplement S1.

Site- level experiment
A site- level (single cell) experiment was con-

ducted using a full- factorial design with three 
factors: (1) species drought tolerance (four lev-
els), (2) soil texture (four levels), and (3) length 
of drought (three levels). Species drought tol-
erance was considered a fixed treatment effect, 
and we used the four a priori drought tolerance 
classes of Gustafson and Sturtevant (2013), 
modified slightly by Pastor and Post (1986) 
(Table 3). We assigned PnET- Succession param-
eter values to reflect the response of each 
drought tolerance class to water stress, gener-
ically defining these values based on relation-
ships between photosynthesis and water 
potential (Limousin et al. 2013, Table 2). We 
simulated four distinct species assemblages be-
cause species have other life- history traits that 
vary independently from drought tolerance and 
may interact with drought tolerance in complex 
ways. One species (cohort age = 80 yr) from 
each drought tolerance class was arbitrarily 
assigned to each of these assemblages, with 
each assemblage containing species that might 
be found on similar sites (Table 4).

Soil texture was included as a block factor be-
cause soil texture may have a large effect on the 
availability of water for tree photosynthesis giv-
en precipitation inputs. We set the levels of the 
soil factor across a gradient of increasing plant 
available water (PAW), defined as field capacity 
(water content at −0.033 MPa of water potential) 
minus wilting point (water content at −1.5 MPa of 
water potential), using four standard soil texture 
classes (sand, sandy loam, loam, silt loam) (Sax-
ton and Rawls 2004) (Table 1). Length of drought 
events was included as a fixed treatment effect 
because Gustafson and Sturtevant (2013) found 
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that drought- induced tree mortality was most re-
lated to drought length in the upper Midwest. We 
set three levels of length of drought events (2, 4, 
8 yr) to fall within the range empirically analyzed 
by Gustafson and Sturtevant (2013). We used a 
highly simplified weather stream to produce 
a clear drought signal. Based on weather data 
from Oconto county (Wisconsin, USA) we used 
fixed monthly averages of temperature, precipi-
tation and PAR for the spin- up period (80 yr) and 
nondrought years, and reduced those precipita-
tion values by 90% in growing season months 
(May–September) and by 75% in nongrowing 
season months in drought years to create a strong 
drought signal. During the spin- up period, PnET- 
Succession simulates initial cohorts from estab-
lishment to their condition at the start of the ex-
periment. Temperature and PAR did not vary by 
treatment and CO2 was held constant at 400 ppm.

All simulations were run on a single 30- m cell 
to mimic the FIA plots used by Gustafson and 
Sturtevant (2013), where species compete for wa-
ter and light, and response to drought is at least 
partially a function of inter- specific competition. 
In each assemblage, a single cohort of each of the 
four species was established on an empty cell in 
1930 and grown for 80 yr using a constant, av-
erage climate (spin- up). Longevity of all species 
was set to 200 yr to avoid the confounding effect 
of senescence. The drought treatments were ap-
plied beginning in 2010, and were comprised of 
alternating periods of normal precipitation and 
drought events for 36 yr, with the total number of 
years of drought held constant across treatments. 
The 2- yr drought length treatment alternated 
1 yr of normal precipitation and 2- yr droughts, 
the 4- yr drought length treatment alternated 2 yr 
of normal precipitation and 4- yr droughts and 

Table 4. Species composition of the experimental assemblages.

Drought tolerance 
class Assemblage 1 Assemblage 2 Assemblage 3 Assemblage 4

Drought- intolerant Populus grandidentata Populus tremuloides Betula papyrifera Fraxinus nigra
Somewhat 

drought- intolerant
Acer saccharum Abies balsamea Tsuga canadensis Thuja occidentalis

Somewhat 
drought- tolerant

Fraxinus americana Picea glauca Quercus rubra Acer rubrum

Drought- tolerant Quercus alba Pinus banksiana Pinus resinosa Pinus strobus

Table 3. Species simulated and their assignment to the four drought sensitivity classes, based on Gustafson and 
Sturtevant (2013) and Pastor and Post (1986).

Drought sensitivity class Common name Scientific name Abbreviation

Intolerant Balsam poplar, Quaking 
aspen, big- toothed aspen, 
paper birch, black ash

Populus balsamifera, P. tremu-
loides, P. grandidentata, 
Betula papyrifera, Fraxinus 
nigra

popubal, poputre, 
popugra, betupap, 
fraxnig

Somewhat intolerant Eastern hemlock, sugar 
maple, northern white 
cedar, yellow birch, 
balsam fir, bitternut 
hickory

Tsuga canadensis, Acer 
saccharum, Thuja occidenta-
lis, Betula alleghaniensis, 
Abies balsamea, Carya 
cordiformes

tsugcan, acersac, thujacc, 
betuall, abiebal, carycor

Somewhat tolerant Red maple, black cherry, 
white ash, green ash, 
basswood, red oak, 
American larch, white 
spruce, black spruce, 
American beech

Acer rubrum, Prunus serotinus, 
Fraxinus americana, 
F. pennsylvanica, Quercus 
rubra, Tilia americana, Picea 
glauca, P. mariana, Fagus 
grandifolia

acerrub, prunser, fraxame, 
fraxpen, querrub, 
tiliame, picegla, 
picemar, fagugra

Tolerant Red pine, white pine, jack 
pine, white oak, northern 
pin oak, bur oak

Pinus resinosa, P. strobus, 
P. banksiana, Quercus alba, 
Q. ellipsoidalis, 
Q. macrocarpa

pinures, pinustro, 
pinuban, queralb, 
querell, quermac
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the 8- yr drought length treatment alternated 4 yr 
of normal precipitation and 8- yr droughts. All 
treatments resulted in 12 yr of normal precipi-
tation and 24 yr of drought. Three replicates of 
each factorial combination were produced.

Analysis
Because the response of species to the dy-

namic treatments was also dynamic, the sim-
ulation results were evaluated by plotting mean 
values of response variables through time and 
visually comparing the variation in response 
variables across treatments and factors. Our 
objective was not to quantify the significance 
of differences at an instant of simulated time, 
but to assess how the model predicted the 
dynamics of plant response to droughts under 
different abiotic and competitive environments. 
Our expectation was that the relative magnitude 
of reductions in photosynthesis and NSC would 
be directly related to the drought tolerance 
parameters (H3, H4), and that longer droughts 
would result in greater reductions. The temporal 
characteristics of response to drought events 
(i.e., lag, rate of reduction and recovery) were 
an important part of the study. We also sought 
to gain insight into how life- history traits may 
interact with drought sensitivity through the 
competitive interactions within the various as-
semblages. Net photosynthesis was evaluated 
because it is the keystone growth and compe-
tition variable that is directly related to water 
stress (Chaves et al. 2002). NSC fraction was 
evaluated because it represents carbon reserves, 
which are believed to be an indicator of plant 
stress and inversely correlated with likelihood 
of mortality (McDowell et al. 2013, Gustafson 
et al. 2015). Woody biomass was evaluated 
because change in biomass reflects photosyn-
thetic output and competition, and was the 
variable evaluated by Gustafson and Sturtevant 
(2013).

Landscape- level experiment
We conducted a landscape- level experiment 

to evaluate how species competition, landscape 
pattern (i.e., soils) and spatial processes (i.e., 
seed dispersal and stand- replacing disturbance) 
may interact to determine forest composition 
dynamics under drought conditions. The ex-
periment was conducted on a 104 471 ha 

landscape in Oconto County (Wisconsin, USA) 
that has a variety of soil types (Fig. 1). This 
experiment included the site experiment factors 
of drought tolerance classes, soil and drought, 
but the drought treatment was implemented 
differently to create a simulation long enough 
to allow a successional response to the treat-
ments. The drought factor had two levels: control 
(historical weather stream) and drought (peri-
odic 8- yr droughts as in the site experiment). 
The weather stream was derived from spatially 
interpolated gridded weather data for our study 
area (Fig. 1) obtained from the USGS Geodata 
Portal, representing averaged daily records from 
1949 to 2010 (Maurer et al. 2002). Because the 
historical weather stream extended only between 
1949 and 2010, we used long- term monthly 
averages (1949–2010) for the spin- up period 
(oldest initial cohort = 210 yr) and appended 
copies of the historical stream to represent fu-
ture years to create a weather stream extending 
to 2190. All other variables were unchanged 
from the site experiment. We did not include 
temperature or CO2 concentration change to 
avoid confounding interpretation of results rel-
ative to the site experiment. Variation in soil 
type was included in the ecoregion map (Fig. 1). 
Topographic relief is minimal and climate is 
essentially homogeneous across the study area. 
The ecoregion map was produced by assigning 
all SSURGO (Soil Survey Staff 2013) soil map 
polygons to the most similar of the four soil 
types used in the site experiment. The initial 
forest conditions (species and age cohorts) were 
those used by Janowiak et al. (2014), created 
using the methods of Wilson et al. (2012).

Tree species establishment probability is calcu-
lated dynamically by the model and is inversely 
proportional to light and water stress for each 
species on each site at each time step. In the ab-
sence of disturbance we would expect the es-
tablishment of more shade- intolerant species to 
decline on the landscape for reasons unrelated 
to drought. We therefore simulated a generic, 
stand- replacing disturbance regime using the 
Base Harvest disturbance extension (Gustafson 
et al. 2000). We arbitrarily defined a grid of 5.8 ha 
(8 × 8 cells) stands across the landscape grid, and 
simulated complete removal of all cohorts of all 
species within a randomly selected 3.3% of the 
stands each decade (300 yr return interval). This 
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disturbance regime was not intended to mimic 
any real disturbance agent(s), but to introduce 
controlled disturbances to meet the experimental 
objectives. Stands were not selected for distur-
bance unless the youngest cohort age was at least 
21 yr. All extensions used a 10- yr time step and 
three replicates of each drought scenario were 
simulated for 180 yr.

results

Site experiment
The reduction in carbon reserves (NSCfrac) 

was quicker and more pronounced as length 
of droughts increased on all soil types (Fig. 2). 
Relative species’ drought tolerance (higher H3 
and H4) also lessened the reduction in NSCfrac 
associated with increasing drought length, with 
the most drought tolerant species almost com-
pletely unaffected by droughts of any length. 
This phenomenon was ultimately driven by net 
photosynthesis (NetPsn), which showed a clear 

response to both the length of drought and 
the alternating pulses of normal precipitation 
and drought events on all soils (Fig. 3).

Increasing PAW (SAND to SILO) also less-
ened the reduction in NSCfrac associated with 
droughts of all lengths, although the difference 
between LOAM and SILO was modest (Fig. 2). 
The longer persistence of the somewhat drought- 
intolerant acersac (sugar maple) on the SAND 
compared to SALO soil type is likely a conse-
quence of lower maintenance respiration costs 
of the lesser acersac biomass on the SAND soil 
(Fig. 4). Similarly, the lack of much difference be-
tween LOAM and SILO NSCfrac curves (Fig. 2) 
may be the result of higher biomass and conse-
quently higher maintenance respiration costs 
on the SILO soil. The amount of biomass prior 
to the treatments (beginning in 2010) increased 
as PAW increased for the two relatively drought- 
intolerant species and decreased for the relative-
ly drought- tolerant species (Fig. 4), presumably 
because of the relative importance of competition 

Fig. 1. Ecoregions (soil types) used in the study area in Oconto county (WI), mapped at 30 m resolution.
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for light vs. water on the various soils. The rate 
of biomass growth during drought treatments 
was marginally higher with increasing PAW. The 
height of the precipitation- induced peaks and 
valleys of NetPsn for relatively drought- tolerant 
species was determined more by the number of 
competitors than by PAW, while for relatively 

drought- intolerant species, it was determined by 
PAW (Fig. 3). Total site NetPsn increased with 
increasing PAW during normal precipitation 
periods, but not during droughts (not explicitly 
shown). Biomass of drought tolerant species in-
creased during droughts as less drought tolerant 
competitors died.

Fig. 2. Comparison of the response of carbon reserves (NSCfrac) of Assemblage 1 species to the length of 
drought and soil type experimental factors. Plant available water increases evenly from sand to silt loam 
(Table 1). Gray boxes indicate periods of drought. Cohorts died when NSCfrac <0.01 at the end of a simulation 
year. The mean of three replicates is shown; replicate variability is not shown for clarity.
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The effect of the drought treatments varied de-
pending on the assemblage of competitors with 
varying life- history traits such as ability to com-
pete for light (HalfSat), maximum photosynthet-
ic capacity (FolN, SLWmax, Amax), and water 
use efficiency. For example, the slower growing, 

somewhat drought- intolerant species in Assem-
blage 1 (acersac) displays NSCfrac dynamics 
very similar to that of the drought- intolerant 
species (popugra) under all drought treatments 
(Fig. 5), while the faster growing analogous 
species in Assemblage 2 (abiebal, see Fig. 6) 

Fig. 3. Comparison of the response of net photosynthesis of Assemblage 1 species to the length of drought 
and soil type experimental factors. Plant available water increases evenly from sand to silt loam (Table 1). Gray 
boxes indicate periods of drought. Cohorts died when NSCfrac <0.01 at the end of a simulation year. The mean 
of three replicates is shown; replicate variability is not shown for clarity.
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persists under all drought treatments. In some 
cases, both of the relatively drought- tolerant 
species show little response to even the longest 
droughts (Assemblages 2 and 3), whereas in 
Assemblage 1, the somewhat drought- tolerant 
species eventually succumbs to 8- yr droughts. 
Generally, as competing cohorts die, the remain-

ing cohorts are better able to maintain NSCfrac 
levels during subsequent droughts. However, 
in the presence of a rapidly growing competi-
tor with more drought tolerance, this effect may 
be short- lived, as seen by fraxame in Assem-
blage 1 and acerrub in Assemblage 4 (Fig. 5). 
This happens because the increasingly large 

Fig. 4. Aboveground woody biomass through simulated time of Assemblage 1 species to the length of 
drought and soil type experimental factors. Plant available water increases evenly from sand to silt loam 
(Table 1). Gray boxes indicate the period when drought treatments were applied. Cohorts died when NSCfrac 
<0.01 at the end of a simulation year. The mean of three replicates is shown; replicate variability is not shown for 
clarity.
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cohorts consume water more quickly, reducing 
site water potential below the H4 value of the 
less drought- tolerant species more quickly. As-
semblage 4 is unique because the fast- growing, 
most drought- intolerant species (fraxnig), is 
not the first to succumb to drought. NetPsn of 
northern white cedar (thujocc) drops to nearly 

zero during droughts and its very low photo-
synthetic capacity is unable to restore carbon 
reserves between droughts of even just 2 yr (giv-
en these competitors (Fig. 7)), dramatically illus-
trating the potential interaction between H3/H4 
(drought tolerance) and Amax (photosynthetic 
capacity).

Fig. 5. Comparison of the response of carbon reserves (NSCfrac) of Assemblages to the length of drought and 
soil type experimental factors on a sandy loam soil. Gray boxes indicate periods of drought. Cohorts died when 
NSCfrac <0.01 at the end of a simulation year. The mean of three replicates is shown; replicate variability is not 
shown for clarity.
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Landscape experiment
When the species competed in many real 

assemblages on the nearly one million cells of 
the landscape experiment, the drought- induced 
change in total landscape biomass tended to 
be negative for drought- intolerant species and 
positive for drought- tolerant species (Fig. 8). 

All species initially declined when the droughts 
began (year 10), presumably because many co-
horts that were able to cover their maintenance 
costs under the  no- drought spin- up period be-
came unable to maintain their pre- drought 
biomass under the drought regime, and many 
cohorts consequently died (not shown). This 

Fig. 6. Aboveground woody biomass through simulated time of Assemblages to the length of drought and 
soil type experimental factors on a sandy loam soil. Gray boxes indicate the period when drought treatments 
were applied. Cohorts died when NSCfrac <0.01 at the end of a simulation year. The mean of three replicates is 
shown; replicate variability is not shown for clarity.
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was true even for drought- tolerant species, and 
some had lower biomass under drought than 
under control conditions (e.g., white pine (pi-
nustr) and red pine (pinures)). Drought- tolerant 
species were generally able to regain biomass 
after the droughts started, while drought- 
intolerant species continued to decline, even 

though the disturbances necessary for their 
persistence (they tend to be shade- intolerant) 
did occur. Within each drought tolerance class 
the species generally sorted by photosynthetic 
capacity (FolN) and life form (deciduous vs. 
evergreen), with more productive species 
(higher FolN) and deciduous species able to 

Fig. 7. Comparison of the response of net photosynthesis of Assemblages to the length of drought and soil 
type experimental factors on a sandy loam soil. Gray boxes indicate periods of drought. Cohorts died when 
NSCfrac <0.01 at the end of a simulation year. The mean of three replicates is shown; replicate variability is not 
shown for clarity.
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recover more quickly and therefore suffering 
less overall decline because of drought. White 
pine (pinustr) was the most notable exception 
to this tendency. It is the most highly produc-
tive conifer, yet it suffered a near total collapse 
when the droughts started, perhaps because of 
very high biomass and consequent high 

maintenance cost. Although it recovered 72% 
of its beginning biomass, it remained the least 
abundant drought- tolerant species after 180 yr 
(Fig. 8).

Soil type (ecoregion) had a marked impact on 
total productivity (biomass), with soils having 
higher PAW being more productive through time 

Fig. 8. Difference in landscape- wide biomass under the drought treatment compared to the control treatment 
in the landscape experiment. Each symbol represents the mean of three replicates and the variability is generally 
less than the width of the symbols. Species not shown had extremely low biomass though time.
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(Fig. 9). The differences in productivity among 
the soil types were less under drought condi-
tions, presumably because all soils were drained 
to near or below soil wilting point (−1.5 MPa). 
Variation in total biomass was caused primar-
ily by the death of cohorts due to senescence, 
competition, or disturbance. Under the control 
treatment there was variability in precipitation, 
which affected competition for water. Under 
the drought treatment, precipitation cycled be-
tween normal and drought conditions on a 12- 
yr cycle, which is reflected in the oscillations in 
the biomass variable, which was output at 10- yr 
intervals. Note that the drop in biomass at year 
10 under the control treatment was caused by a 
relatively dry decade in the historical weather 
stream.

dIscussIon

Insights
Our overall site- level results (Figs. 3–7) clearly 

show that simulated NetPsn tracks drought 
and nondrought conditions very tightly, con-
sistent with our expectations. Increasing 
drought length resulted in more instances of 
mortality when NetPsn became depressed too 
long for the cohort to be sustained by its 
available carbon reserves. This is consistent 
with the carbon starvation hypothesis 
(McDowell et al. 2013) on which our approach 
was built (see Caveats). NSCfrac tends to 

recover quickly when precipitation returns to 
average levels, allowing cohorts to survive 
shorter droughts, although species with limited 
photosynthetic capability (e.g., thujocc) are less 
able to recover quickly. When cohorts die, 
simulated NetPsn of the remaining cohorts 
increases as the competition for available water 
and light is reduced (release). Initially, because 
water potential is likely to increase considerably 
with the loss of a cohort, remaining cohorts 
experience little water stress, but because the 
remaining canopy limits radiation to some ex-
tent, the more shade tolerant species (lower 
HalfSat) will experience less radiation stress 
and be better able to respond to the release 
(e.g., abiebal, querrub). In addition, drought 
that occurs following a long period of no 
drought (e.g., spin- up) may induce greater 
mortality because larger biomass pools incur 
greater maintenance respiration costs that re-
duce carbon reserves more quickly.

Our results help explain why drought- induced 
tree mortality is more dependent on drought 
length than severity as observed on forest inven-
tory plots by Gustafson and Sturtevant (2013). 
Photosynthesis can be driven to zero by even 
moderate drought, but it cannot be driven to less 
than zero by more severe droughts, so severity 
of drought has a limited impact. Photosynthesis 
recovers very quickly with inputs of water, so it 
really is the lack of opportunity for NSC to re-
cover as droughts lengthen that causes mortality. 

Fig. 9. Mean biomass on cells by ecoregion (soil type) and precipitation treatment in the landscape experiment. 
Each symbol represents the mean of three replicates and the variability is generally less than the width of the 
symbols.
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In reality, cohorts that drop leaves or experience 
xylem damage in response to drought may be 
less able to recover quickly than our model sug-
gests. Nevertheless, our results help illuminate 
the mechanisms behind the empirical results of 
Gustafson and Sturtevant (2013). They found 
that drought- intolerant species experience some 
mortality even during short droughts, and the 
probability of mortality rises dramatically with 
drought length such that the probability ap-
proached 1.0 for droughts of 8 yr (Fig. 10). Our 
results illustrate that these species suffer severe 
depression of photosynthetic rates as soon as 
water becomes limited, and any more drought- 
tolerant competitors quickly decrease water 
potential to the point that photosynthesis shuts 
down completely for the drought- intolerant 
species. Conversely, the most drought- tolerant 
species have no superior competitors for water 
that can drop water potential below the ability 
of those drought- tolerant species to access wa-
ter, so they are able to continue photosynthesis 
enough to maintain carbon reserves for long 
 periods of time. The sequence of mortality prob-
ability curves from drought- intolerant to toler-
ant in Gustafson and Sturtevant (2013) (Fig. 10) 
showed a declining sensitivity to drought length 
consistent with that observed in this study. The 
relative sensitivity to drought length across 
drought sensitivity classes was not linear (sim-
ilar to Gustafson and Sturtevant (2013)), even 
though the distribution of H3 and H4 parame-
ters across drought sensitivity classes was lin-
ear (Table 2), providing some confirmation that 
the mechanistic formulation of PnET- Succession 
accurately simulates reality in terms of competi-
tion for water.

The interaction of drought with tree species 
life- history traits, seed dispersal, and distur-
bance is complex. Our landscape results gener-
ally followed theoretical expectations, but each 
species followed a unique trajectory through 
time because of its unique life- history traits and 
the various combinations of competitors found 
on cells (Fig. 8). For example, species biomass 
did not always vary in phase, even though each 
experienced the same climate. There is also a 
possibility that drought intolerance is confound-
ed with shade intolerance. The potential for 
shade- intolerant species to accumulate biomass 
is limited by both water and the availability of 

disturbed sites. In our simulations, 3.3% of the 
landscape was disturbed. The ability of shade- 
intolerant jack pine (pinuban) to increase bio-
mass suggests that the decline of the drought- 
intolerant species (which are also  generally 

Fig. 10. Relationship between drought length and 
probability of biomass lost to mortality by drought 
tolerance class as found by Gustafson and Sturtevant 
(2013). No valid model was found for the drought- 
tolerant class, and it was assumed that drought has no 
effect on mortality for that class. The vertical line 
represents the maximum drought length used to fit the 
models. Reprinted with permission.
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shade intolerant) is not completely due to a 
shortage of disturbed sites.

The injection of a first principles approach 
into a landscape- scale model combines the best 
features of stand- level models and FLMs to ro-
bustly project the impacts of global changes. 
Stand models are tightly linked to fundamen-
tal environmental drivers and simulate growth 
as a function of ecosystem inputs and fluxes, 
but do not simulate competition, succession or 
spatially explicit processes such as disturbance. 
Most FLMs simulate competition, succession 
and disturbance, but simulation of growth and 
competition is simplistic and not very tightly 
linked to environmental drivers. Our approach 
appears to provide advantages for simulation 
of landscape responses to global changes. Each 
species has a unique combination of life- history 
traits that determine its growth response to wa-
ter and light availability, temperature, and CO2 
concentration, and also its varying susceptibility 
to multiple disturbances. These traits interact to 
cause a species- specific response to the funda-
mental drivers that are globally changing, and 
these species responses interact with those of 
competing species to create stand or ecosystem 
responses that are complex and difficult to accu-
rately predict with less mechanistic approach-
es. Our results showing that the outcome of 
drought treatments can vary depending on the 
competing species in an assemblage illustrates 
the importance of using a mechanistic approach. 
Empirical approaches based on competitive in-
teractions observed in the past will be less reli-
able in predicting the re- sorting of species into 
new assemblages as climate changes (Gustafson 
2013).

Major assumptions
In our study we made some important as-

sumptions. (1) Drought effects are modeled by 
PnET- Succession in two ways; species- specific 
reduction in growth caused by water limitation 
and a decline in carbon reserves when respiration 
exceeds photosynthesis. Mortality is simulated 
when NSC <1% of total biomass (Sevanto et al. 
2013). This assumes that a carbon starvation 
mechanism is a reasonable surrogate for all mor-
tality mechanisms (e.g., hydraulic failure and 
biotic agent mechanisms; McDowell et al. 2011), 
producing a similar outcome for most drought 

events. This assumption remains untested and 
there is considerable uncertainty about the specific 
mechanism of death by hydraulic failure in the 
literature, but there is some support for the as-
sumption (Sevanto et al. 2013, Hartmann et al. 
2013, McDowell et al. 2013, Quirk et al. 2013, 
but see Sala et al. 2010). (2) We also assumed 
that NSC is a valid proxy for risk of mortality 
because the risk of mortality appears to increase 
exponentially as NSC decreases (Gustafson et al. 
2015: Fig. 4). This assumption is supported con-
ceptually by the fact that respiration cannot 
exceed photosynthesis indefinitely and empiri-
cally by findings that physiologically stressed 
trees are more susceptible to disturbance mortality 
(Raffa et al. 2005). Although the specific mech-
anisms of how and when water stress kills trees 
remain somewhat unclear (Sala et al. 2010), the 
use of NSC as a proxy for mortality risk in 
landscape- scale simulations is appealing because 
it represents a fundamental measure of the vi-
tality of a cohort that is tightly coupled to the 
environmental conditions experienced by a cohort 
(e.g., light, water, temperature). (3) We assumed 
that if the mechanistic approach can adequately 
predict drought effects under current climate 
conditions, it will reliably predict future condi-
tions because it uses mechanisms based on well- 
established “first principles.”

Caveats
The site- level experiment attempted to mimic 

sites similar to those on which the FIA data 
were collected and used by Gustafson and 
Sturtevant (2013) to build the empirical rela-
tionships between length of drought and spe-
cies biomass lost to mortality. We built artificial 
assemblages of species representing all four 
drought tolerance classes on each site to avoid 
having to duplicate the tens of thousands of 
FIA plots required to detect the drought signal. 
Some of these assemblages may only rarely 
occur in nature. One possible consequence of 
this approach is that the NSC level for a spe-
cies may have at least partly been determined 
by the growth rate of a species relative to 
the others in the assemblage (i.e., competitive 
ability). We attempted to group species with 
similar growth rates, but differences neverthe-
less occurred, with drought- tolerant species 
sometimes having faster intrinsic growth than 
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less drought- tolerant species. However, in the 
real world, competitive disadvantages may be 
one of the factors that determine drought- 
induced mortality. Our experimental design 
did not control the effect of intrinsic growth 
rate, allowing species to have realistic growth 
rates. Also, our results do not confirm the 
relative drought tolerance of individual species 
because we assigned H3 and H4 values based 
on an a priori classification. However, our re-
sults do confirm that the H3 and H4 param-
eters allow PnET- Succession to mechanistically 
simulate relative drought effects on photosyn-
thesis and carbon reserves. Finally, our ap-
proach does not explicitly make large cohorts 
(trees) more resistant to drought than smaller 
ones. LANDIS- II does not track size of indi-
vidual trees, but it is reasonable to assume 
that cohorts having large biomass are likely 
to consist of large trees. In PnET- Succession, 
drought tolerance is specified by 2 parameters 
(H3, H4) that do not vary with the biomass 
of a cohort, and mortality occurs when NSCfrac 
<0.01. Although the target NSCfrac does not 
vary by cohort size, large cohorts have larger 
pools of NSC (better buffered) and they have 
higher priority access to light and water than 
smaller cohorts, so they are less likely to be 
killed by drought than are smaller cohorts on 
a given site.

Future work
A more mechanistic, first principles approach 

could be developed for many existing FLMs, 
especially those that simulate growth as an 
accumulation of biomass or volume. The ad-
dition of other mechanisms reflecting other 
drivers such as soil nutrients may be indicated 
where those drivers are changing (e.g., nitrogen 
deposition rates). Within LANDIS- II there is 
potential to pass the relative carbon reserves 
(NSCfrac) of cohorts to disturbance extensions, 
allowing disturbance (e.g., insects) to target 
mortality to physiologically stressed cohorts. 
However, research must be conducted to de-
termine how best to coordinate the amount of 
direct and indirect drought- related mortality 
simulated by PnET- Succession and disturbance 
extensions, respectively. PnET- Succession cur-
rently kills cohorts when NSC levels drop below 
1% of total biomass, consistent with empirical 

findings (Sevanto et al. 2013, Gustafson et al. 
2015), and this threshold appears to include 
both direct and indirect (e.g., bark beetle) mor-
tality. An empirical basis to partition direct and 
indirect drought- induced mortality is needed. 
Furthermore, an assessment of the ability of 
the mechanistic approach of PnET- Succession 
to model the interactions of potential future 
combinations of temperature, precipitation, PAR 
(cloudiness), and CO2 (affecting conductance 
and vapor pressure deficit) is now feasible.

conclusIons

We draw two main conclusions from our 
study. (1) The mechanistic, first principles sim-
ulation approach appears to provide advantages 
for simulation of landscape responses to global 
changes. The combination of life- history traits 
(including drought susceptibility) of the com-
petitors found on a site interact to cause a 
site- specific dynamic response to globally chang-
ing fundamental drivers, and these site- level 
responses interact with those on other sites 
(through dispersal) and with disturbance pro-
cesses to create landscape responses that are 
complex and difficult to predict with less mech-
anistic approaches. The main disadvantage of 
the approach is increased parameter burden and 
uncertainty. The nature of specific research or 
management questions should be used to guide 
the selection of an approach to balance the need 
for robustness to the fundamental environmental 
drivers that will be input to the model and 
the uncertainty associated with the approach. 
(2) Our results are consistent with the empirical 
findings of Gustafson and Sturtevant (2013) and 
suggest that the mechanism for their results is 
that even moderate drought severity can drive 
photosynthesis to zero for much of the growing 
season, resulting in little additional effect of 
more severe droughts and increasing drought 
length increases mortality because net photo-
synthesis is depressed too long for trees to be 
sustained by their carbon reserves.
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